Abstract: Stripe rust, caused by Puccinia striiormis Westend f. sp. tritici, is one of the most important foliar diseases of wheat (Triticum aestivum L.) worldwide. Stripe rust resistance genes Yr27, Yr31, YrSp, YrV23, and YrCN19 on chromosome 2BS confer resistance to some or all Chinese P. striiormis f. sp. tritici races CYR31, CYR32, SY11-4, and SY11-14 in the greenhouse. To screen microsatellite (SSR) markers linked with YrCN19, F1, F2, and F3 populations derived from cross Ch377/CN19 were screened with race CYR32 and 35 SSR primer pairs. Linkage analysis indicated that the single dominant gene YrCN19 in cultivar CN19 was linked with SSR markers Xgwm410, Xgwm374, Xwmc477, and Xgwm382 on chromosome 2BS with genetic distances of 0.3, 7.9, 12.3, and 21.2 cM, respectively. Crosses of CN19 with wheat lines carrying other genes on chromosome 2B showed that all were located at different loci. YrCN19 is thus different from the other reported Yr genes in chromosomal location and resistance response and was therefore named Yr41. Prospects and strategies of using Yr41 and other Yr genes in wheat improvement for stripe rust resistance are discussed.
Introduction
Wheat stripe rust, caused by Puccinia striiformis Westend f. sp. tritici (PST), is one of the most devastating diseases of wheat (Triticum aestivum L.) worldwide, especially in wheat-growing areas with cool and moist environments. Stripe rust can cause severe yield losses owing to shriveled grain and weakened plant development (Roelfs et al. 1992) .
In terms of area affected by stripe rust, China, especially southwest China, is one of the largest epidemic regions in the world (Chen 2005; Luo et al. 2005; Li et al. 2006) . In recent years, stripe rust has become particularly devastating in that region owing to epidemics of physiological races CYR31 and CYR32 (Yang et al. 2003) , which are virulent on widely grown cultivars with resistance derived from Fan 6 . Yield losses of 20%-30% were widely reported (Luo et al. 2005 (Luo et al. , 2006 (Luo et al. , 2008 . Although chemical control and wheat cultivation measures can reduce the losses caused by stripe rust to some degree, the most economic and environmentally friendly way to control the disease is through resistant cultivars (Line and Chen 1995) .
More than 70 stripe rust resistance genes have been re-ported (Kuraparthy et al. 2007; McIntosh et al. 2006) , and most of them condition race-specific resistance. Because resistance genes continue to be overcome some time after their introduction to agriculture, continuous discovery and transfer of new and effective sources of rust resistance to breeding populations is essential. Pyramiding of resistance genes is an effective strategy to create more durable and broad-spectrum resistance.
Resistance gene YrCN19, located on chromosome arm 2BS, confers a high level of resistance at both the seedling and the adult plant stages to almost all currently prevalent PST races in China (Luo et al. 2005) . Other genes on chromosomes 2B conferring resistance to stripe rust include Yr27, Yr31, YrV23, YrSte, and YrSp (Chen et al. 1996 ; http://wheat.pw.usda.gov) and these also confer resistance to some currently predominant and newly emerged races. It is essential to determine the chromosomal location of YrCN19 relative to molecular markers and other resistance genes to develop cultivars with durable resistance based on gene combinations. The specific purposes of the present study were to (i) determine the spectrum of responses conferred by YrCN19 and other stripe rust resistance genes on 2BS to important and potentially important PST races, (ii) determine the allelic relationships among them, and (iii) develop a genetic linkage map for YrCN19.
Materials and methods

Plant and pathogen materials
Five wheat genotypes, CN19, Ciano 79, Pastor, Vilmorin 23, and Avocet S/6*Spaldings Prolific (Sp), with resistance genes YrCN19, Yr27, Yr31, YrV23, and YrSp, respectively, were used in linkage studies. Cultivars MY11, Avocet S, and Sy95-7 were used as susceptible checks. An F 2 population from cross Ch377/CN19 was developed as a mapping population (Luo et al. 2006) . Four PST races, CYR31, CYR32, SY11-4, and SY11-14 (Luo et al. 2005) , were used in the comparative assessment of host materials. For genetic analysis of Ch377/CN19, race CYR32 was used to phenotype 192 F 2:3 families, with 30-40 plants of each family being tested to determine the response genotype of each F 2 plant.
Determination of seedling rust responses
Wheat plants were grown in a growth chamber. Seedlings were inoculated at the three-leaf stage with urediniospores of a single race for evaluating their reactions according to previously described methods (Luo et al. 2005) . Seedlings were misted through an inlet until sufficient dew was formed and incubated for 12 h in darkness at 14 8C followed by a 24 h light period at the same temperature and subsequent growth under natural daylight at 16-18 8C. Seedling infection types (IT) were evaluated 2-3 weeks after inoculation when the pustules on susceptible checks were fully developed. Infection types were classified on a 0-4 rating scale: 0 = immunity, no visible symptoms, 0; = necrotic flecks without uredinia, 1 = small uredinia surrounded by distinct necrosis, 2 = small to medium-sized uredinia with chlorosis and necrosis, 3 = moderate-sized sporulating uredinia surrounded by chlorosis, and 4 = abundant sporulation without chlorosis or necrosis.
Preparation of genomic DNA
DNA was extracted from 1 g of fresh wheat leaves from 5-week-old seedlings according to previously described methods (Tai and Tanksley 1990; Luo et al. 2004 ).
PCR analysis
Genomic DNA of parents and individual F 2 plants derived from Ch377/CN19 was analyzed to construct a genetic map. SSR markers linked to the resistance gene were identified by bulked segregant analysis (Michelmore et al. 1991 ) and resistant and susceptible bulks were established from equal amounts of DNA from 10 resistant and 10 susceptible F 2 individuals, respectively. PCRs were performed in a volume of 25 mL in an MJ Research (PTC-200) thermocycler using publicly available GWM (Bryan et al. 1997; Röder et al. 1998 ) and WMC (Gupta et al. 2002) primer pairs for chromosome 2B. SSR analysis followed the procedure described by Röder et al. (1998) with minor modifications. For each PCR, the 25 mL mixture consisted of 200 nmol/L of each primer, 0.2 mmol/L deoxynucleotide, 1.5 mmol/L MgCl 2 , 1 unit of Taq polymerase, and 60 ng of template DNA. Amplification conditions were an initial 3 min of denaturation at 94 8C followed by 40 cycles of 1 min of denaturation at 94 8C, 1 min of annealing at 50-60 8C (depending on primers), and a 2 min extension at 72 8C. A final extension step was 10 min at 72 8C.
Each PCR product was mixed with 3 mL of loading buffer (98% formamide, 10 mmol/L EDTA (pH 8.0), 0.25% bromophenol blue, and 0.25 xylene cyanol) and denatured at 95 8C for 5 min and chilled on ice. Six microlitres of each mixture sample was loaded on 6% polyacrylamide (19:1 acrylamide-Bis), 8 mol/L urea, and 1Â TBE (90 mmol/L Tris-borate (pH 8.3) and 2 mmol/L EDTA) gels, which were run at 80 W for approximately 1.5 h, and visualized using silver stanining (Bassam et al. 1991) .
Statistical analysis and linkage analysis
To evaluate the goodness of fit for observed to expected genetic ratios, c 2 and corresponding probability (P) values were calculated using Sigmaplot 2001 software (SPSS Inc., Chicago, Illinois). The recombination values between the Yr genes were estimated by maximum likelihood formulae provided in Allard (1956) . Linkage distances between markers and YrCN19 were determined using MAPMAKER version 3.0 (Lander et al. 1987) . Markers were placed with a logarithm of odds threshold of 3.0. Recombination fractions were converted to map distances using the Kosambi function (Kosambi 1944) , and the linkage map was constructed using the method described by Lincoln et al. (1992) .
Results
Resistance responses of wheat genotypes
Fully developed uredia on the leaves of Avocet S, MY11, Ch377, and Sy95-7 2-3 weeks after inoculation were scored IT 3 to 4. In contrast, CN19 was scored IT 0 in all tests. Ciano 79 and Vilmorin 23 were resistant to races SY11-4 and SY11-14 but susceptible to CYR31 and CYR32. Pastor was resistant to SY11-4. Spaldings Prolific and Avocet S/ 6*YrSp were highly resistant to CYR31 and CYR32 but susceptible to SY11-4 and SY11-14 (Table 1) .
Inheritance of stripe rust resistance in CN19
In cross Ch377/CN19, F 1 seedlings displayed a high level of resistance (IT 0) to CYR32 at the seedling stage, indicating dominance of resistance. Segregation of response in the F 2 population fitted a 3:1 resistant to susceptible ratio (c 2 = 0.01, P = 0.92), agreeing with our earlier report (Luo et al. 2006 ). As shown in Table 2 , the frequency of F 2 genotypes was in agreement with a single locus segregation (c 1:2:1 2 55:90:47 = 1.30, P = 0.51).
Allelic relationship among Yr genes on 2B
F 2 segregations for stripe rust response among F 2 seedling populations of four intercrosses of lines with single resistance genes are given in Table 3 . Susceptible progeny were observed in each cross, but they occurred at frequencies significantly less than 15:1. Assuming repulsion linkage of dominant alleles in each cross, the levels of recombination with YrCN19 were determined for each cross (Table 3) .
Microsatellite markers linked with YrCN19
Thirty-five microsatellite primer pairs on wheat chromosome 2B were screened. Four primer pairs, Xgwm274, Xgwm388, Xgwm410, and Xwmc477, that amplify sequences on chromosome 2BS showed polymorphism between Ch377 and CN19 as well as between the resistant (Br) and susceptible (Bs) bulks (Fig. 1) . The 192 F 2 plants from Ch377/ CN19 were genotyped for the four markers and linkage of each marker with YrCN19 was determined. Linkage distances ranged from 0.3 to 21.2 cM (Fig. 2) .
Discussion
Resistance responses of different genes
To determine and discriminate the resistance responses of Yr genes on chromosome 2BS, races CYR31, CYR32, SY11-4, and SY11-14 were used in resistance tests. Only YrCN19 among the genes tested conferred effective resistance to all four races, consistent with previous reports (Luo et al. 2005 (Luo et al. , 2006 . Although Yr27 and Yr31 were ineffective against CYR30, CYR31, and CYR32 (Yang et al. 2003; Wan et al. 2004; Luo et al. 2005 Luo et al. , 2006 , they were both effective against race SY11-4 (Table 1 ). This suggests that Yr27 and Yr31 could be used in constructing a pyramided resistance with YrCN19. YrSp was still effective against many Chinese PST races, including the currently predominant CYR31 and CYR32 (Yang et al. 2003; Wan et al. 2004; Zhao et al. 2004 ), but was not effective against SY-11 (Table 1) . Vilmorin 23 (Yr4a and YrV23) was effective Note: 0 = no visible symptoms, 0; = necrotic flecks, 1 = small sporulating uredia surrounded by necrotic tissue, 2 = small to medium uredia with chlorosis and necrosis, 3 = moderately sized sporulating uredia surrounded only by chlorotic tissue, 4 = abundant sporulation without chlorosis. against races SY11-4 and SY11-14 (Table 1) but not against CYR31 and CYR32 (Table 1 ). The present results indicate that CN19 has a wider spectrum of resistance than any of the other genotypes tested and show that YrCN19 is a unique resistance factor.
Location relationship of Yr genes on 2BS
Luo et al. (2005) discussed reasons why Yr27, Yr31, YrV23, and YrSp were likely to be located at different positions on the short arm of wheat chromosome 2BS. In the present study, this is confirmed by actual recombination studies. YrCN19 must also be different from YrSte, which was reported to be allelic with YrV23 (Chen et al. 1996) . On this basis, YrCN19 was named Yr41. Some studies show that stripe rust resistance genes Yr27, Yr31, and YrSp possibly lie in the same resistance gene cluster in the short arm of wheat chromosome 2B (Gosal 2000; McIntosh et al. 2003; Singh et al. 2003; McDonald et al. 2004 ). In addition, two wheat leaf rust resistance genes, Lr13 and Lr23, are also located in the region, and the locations of both Lr13 and Lr23 on the chromosome are near the centromere of 2B (McIntosh et al. 2003) . Monosomic analysis showed that YrV23 was located on chromosome 2B (Chen et al. 1996) . The near-isogenic line Taichuang29*6/Vilmorin 23 with gene YrV23 was produced by Xu et al. (2004) , and SSR analysis using that line identified a linkage of 9.4 cM between Xwmc356, located on the chromosomal arm 2BL (http://www.wheat.pw.usda.gov), and YrV23 (Wang et al. 2006) . Based on the approximate location of Xgwm410 in the middle of 2BS (Röder et al. 1998 ), it appears that the distal to proximal order of the resistance genes must be Yr41, Yr31, YrSp, Yr27, and YrV23.
Prospects and strategies for using Yr genes on chromosome 2BS in resistance breeding programs A significant problem with resistance to stripe rust is the often rapid increase in virulence in pathogen populations after the introduction of new sources of resistance. This has been attributed to the selection and increase of virulent pathotypes previously present at low frequencies or to new mutations to virulence (Wellings and McIntosh 1990) . Asexual recombination and reassortment of nuclei in the dikaryotic fungus may also have a role in genetic variability (Wright and Lennard 1980) . The combination of different sources and types of resistance within a single genotype should assist in the development of durably resistant varieties and prolong the life of individual race-specific resistance genes (Smith et al. 2002) . Multipathotype tests showed that the resistance genes on 2BS confer different responses to different races (Table 1) . Yr41 was effective against all races tested, and the resistance array for YrSp can be complemented with that of Yr27, Yr31, or YrV23. The broad resistance spectrum, available molecular markers, and their apparent allelic diversity should permit the pyramiding of two or more of the genes studied here, and such gene combinations could contribute to resistance in future wheat cultivars.
